Abstract-In this paper, we use high-and low-magnification optical microscope images, thermal infrared camera images, and scanning electron microscope images to identify failure locations in heavy ion-irradiated Schottky diodes. After failures have been identified, the parts were cross sectioned to describe the structure of the failures and energy dispersive X-ray spectroscopy was used to characterize the materials in the failure structures.
I. INTRODUCTION
O VER the past several years, we have been discussing the susceptibility of Schottky diodes to destructive (and nondestructive) single-event effects (SEEs) [1] - [9] . Previously, only power devices with very high-voltage specifications were considered susceptible to destructive SEEs [10] - [19] . However, recently, several groups have observed SEEs in Schottky diodes with reverse voltage ratings as low as 45 V [5] .
Four radiation responses were observed in diodes during heavy ion irradiations. These are simply described as charge collection, degradation and passing (where degradation was considered to be increases in the reverse current during the irradiation), degradation and failure, and catastrophic failure. In the first two situations, all postirradiation electrical parameter measurements remained within specification after the beam run concluded, and were thus considered passing conditions. The latter two responses were considered failures, because the electrical parameter measurements were outside of the manufacturer's specification after irradiation. A more detailed description of these responses, as well as examples can be found in [5] . The diodes investigated in this paper were used on an instrument for a NASA mission, the Transiting Exoplanet Survey Satellite. Currently, NASA radiation requirements do not exist for diodes, but NASA EEE-INST-002 [20] specifies a 70% electrical derating in the reverse voltage for Schottky diodes. It was determined that in this application, the diodes would see as much as 82% of their maximum-rated reverse voltage under worst case conditions. By operating these parts so close to their maximum-rated reverse voltage, it was imperative to understand their SEE sensitivity.
After the testing concluded, we conducted failure analysis on several irradiated diodes. At various voltages and with a variety of ion species and linear energy transfers (LETs), the diodes exhibited all of the previously described radiation responses. However, when a failing condition was observed, no additional testing was undertaken on that device under test (DUT). This paper presents the results of failure analysis conducted on Schottky diodes that experienced catastrophic failure or degradation and parametric failure.
In order to identify failure locations, and therefore, conduct the failure analysis, thermal infrared images, and high-and low-magnification optical images were taken. After a failure, location was identified from the images; the diode was cross sectioned and additional images were taken. This included scanning electron microscope (SEM) images, as well as optical photographs.
The diodes that are the focus of this paper are the Microsemi JANTX1N6843CCU3 [21] and International Rectifier JANS1N6843CCU3 [22] , both of which are dual 100-V, 10-A Schottky diodes packaged in a common-cathode configuration. Fig. 1(a) and (b) shows images of the Microsemi and International Rectifier diodes, respectively, after they were decapsulated and mounted on daughtercards for testing.
II. EXPERIMENTAL DETAILS

A. Device Information
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See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. 7 and 17) . Using the die dimensions and extrapolating the zero-volt forward current from the forward I -V curves, the barrier heights for these diodes were calculated using the approximation described in (1) and (2) in [5] . Interestingly, both were approximately 0.79 eV, which is also consistent with the results presented in that work that the barrier height is high enough to expect to see failures in these devices. It is surprising, though, that considering the devices have different die areas and Schottky barrier metals, the parts have about the same barrier heights. Six International Rectifier and eight Microsemi diodes were irradiated for this mission. All of the irradiations occurred at room temperature with no die-level temperature monitoring. Of those irradiated diodes, two diodes of each type that failed catastrophically were submitted for failure analysis, as well as two of the Microsemi parts that experienced degradation and parametric failure. Three of those DUTs are discussed in this work-one from each manufacturer that suffered catastrophic failure and a Microsemi part that experienced degradation and failure. No International Rectifier parts experienced degradation and failure, or one of those would have been included as well. Table I provides the details of each part discussed in the paper, specifically the radiation response and the conditions under which it failed. The parts were also irradiated with copper (LET = 20.3 MeV· cm 2 /mg) and silver (LET = 43.6 MeV · cm 2 /mg) to a fluence of 3 × 10 5 cm −2 , and no degradation or catastrophic failure was observed. Because the failures were only observed at high LETs, the failure rate on-orbit would be low. In addition, the failing voltage increases as the angle of incidence increases, which also results in a low failure rate.
B. Ion Species Information
All testing was completed at Texas A&M University's Cyclotron Institute using their 15 MeV/u beam tune [24] . Table II provides the ion species information for the ion beams used during the failing runs.
C. Experimental Test Setup
The test circuit for the diodes is a modification of the power metal-oxide-semiconductor field-effect transistor (MOSFET) circuit specified in MIL-STD-750, test method 1080 [25] , where the gate connections are removed. The cathode is equivalent to a power MOSFET source, and was grounded during all of the tests. The anode is equivalent to the drain, and a negative voltage was applied during the beam runs to reverse bias the diodes. The test setup allows for six different DUTs to be mounted on the test board, while only biasing one at a time. The DUTs are spaced sufficiently far apart to ensure only one is being irradiated at a time as well. A schematic of the test circuit and a block diagram of the test setup are shown in Fig. 2 (a) and (b). The reverse current (I R ) was monitored and recorded during each run to determine if the parts degraded or if the anode and cathode shorted.
After the completion of the beam run, the reverse voltage (V R ) was measured at the datasheet-specified reverse current limit of 10 µA. The forward voltage (V F ) was also measured as a function of forward current (I F ); however, the datasheet specifies that the forward voltage is to be measured at a forward current of 5 A. Due to equipment limitations, we were unable to accommodate such a high current; therefore, the V F -I F curves were plotted up to a forward voltage of 50 mV, and changes in the shape of the curve, as well as the maximum measured forward current at 50 mV, were recorded.
III. FAILURE ANALYSIS RESULTS
A. Catastrophic Failure 1) Microsemi SN5: Microsemi 1N6843 SN5 was irradiated with 1470-MeV praseodymium in 5-V steps starting at 50 V (50% of the rated reverse voltage). Only charge collection was observed up to the 65-V irradiation; however, when biased at 70 V, small increases in the reverse current were observed during the beam run. The postirradiation electrical parameter measurements all remained within specification. This continued for the subsequent runs (the increases in reverse current were on the order of 100 nA) until the DUT was biased at 95 V, which is above the EEE-INST-002 required 70% derating. At that point, the anode and cathode shorted and the reverse current increased to 100 mA, which was the compliance limit set on the power supply. Fig. 3 shows the reverse currents for each beam run as a function of elapsed time. The shutter was opened at time 0 s, and the legend indicates the reverse voltage that was applied during the run. After completion of the 95-V run, the reverse current reached the specification limit of 10 µA at less than 1 V. Fig. 4(a) shows the reverse current as a function of reverse voltage after each beam run, as well as the preirradiation data. It is clear that the part had greater reverse current leakage after the runs in which it was biased from 75 to 90 V and experienced degradation during the beam runs. There was no change in the I F -V F curves until the 95-V run, when the shape of the curve changed considerably, as shown in Fig. 4(b) .
After returning to NASA GSFC, the diode was examined using a thermal infrared camera, and pictures were taken with a small voltage applied. Fig. 5 shows the thermal infrared image of the irradiated die with the bias applied and the bright white spot just below the wirebond contact is the location of the failure. It appears as a white spot due to the elevated temperature relative to the rest of the diode, bond wires, and package. The optical images of the surface of the DUT did not show anything unusual at the location identified in the infrared thermal image, as shown in Fig. 6(a) (50×-magnification) and Fig. 6(b) (350×-magnification) . There is some discoloration visible in Fig. 6(b) as well. Unfortunately, there are no highmagnification images of the die before it was irradiated, so we cannot know whether the discoloration is due to thermal damage from the heavy ion irradiation, decapsulation, or some other reason.
Using the location identified in the thermal infrared image, the DUT was cross sectioned and the silicon was stained. The results of the cross section and staining are shown in Fig. 7 . The SEM (shown in Fig. 8 ) appears to show that the failure begins at the interface of the epitaxial layer (epilayer) and the Schottky barrier metal. The current was so large that it formed a filament, similar to what has been observed in power MOSFETs [16] , and shorted the anode and cathode and created a void that extends through the epilayer down into the bulk silicon. The failure created a void that was filled with displaced melted metal from the Schottky contact. The extreme heat generated by the heavy ion also resulted in mechanical stress on the die and the subsequent cracking in the bulk silicon. Fig. 9 (a) and (b) shows element maps (for tungsten and nickel, the two primary Schottky barrier metals for this part) generated from energy dispersive X-ray spectroscopy (EDS). SEM image of the failure location in the Microsemi JANTXV1N6843CCU3 SN5 after it was cross sectioned. The tungsten and nickel have melted from the Schottky barrier metal and reformed in the void.
If we approximate the missing melted silicon as a cylinder, the volume is roughly 1.39 × 10 −13 cm 3 (this assumes a radius of 181 nm and a height of 1.36 µm), which results in a mass of 3.25 × 10 −13 g based on the density of silicon (2.3296 g/cm 3 ). The silicon had to a reach the melting point of silicon (1687 K) at minimum for the void to form. This is on par with the simulations conducted by Witulski et al. [26] where they found the temperature generated by the current when a silicon carbide Schottky diode failed catastrophically was on the order of 3000 K, and the melting point of silicon carbide is 3003 K, so it is fair to assume that the silicon Schottky diodes also would be at approximately the melting point. Then, using this information and the specific heat of silicon, which is 712 J/g · K, the energy required to create this void must be at least 390 nJ. The stiffening capacitance on the test board is 3 µF and the failing voltage is 95 V, so the charge that can be supplied by the capacitors is 285 µC and the energy that can be supplied would be 27 mJ.
2) International Rectifier SN7: Like the Microsemi DUT, the International Rectifier 1N6843 was irradiated in 5-V steps, this time beginning at 75 V. SN7 was irradiated with 1858-MeV tantalum (LET = 79 MeV · cm 2 /mg). When biased at 75 and 80 V, only charge collection was observed. At 85 and 90 V, a very small amount of degradation (75 and 140 nA, respectively) was observed, but all postirradiation electrical parameters were still within specification. During the 95-V irradiation, a very small increase in the reverse current was observed immediately after the beam was turned ON. Then, within seconds, the anode and cathode shorted, and the current was only limited by the power supply. Again, it should be noted that the reverse voltage at which this part failed is greater than the derating requirements in EEE-INST-002. The reverse current for each of these beam runs for SN7 is shown in Fig. 10 .
The postirradiation reverse I -V curves for each beam run are shown in Fig. 11(a) . There was considerably less degradation in the International Rectifier DUT, up to and including the 90-V step, than was observed in the Microsemi part. However, the reverse current specification of 10 µA was exceeded at less than 1 V after the 95-V run, similar to the Microsemi DUT. Likewise, as shown in Fig. 11(b) , there was no change in the forward I -V curve until the failing beam run.
Using the same techniques as with Microsemi SN5, the thermal infrared camera was used to identify the failure location by applying a small voltage. The failure location was again visible in this DUT, and is shown in Fig. 12 . Like with Microsemi SN5, when examined with the 50×-magnification Thermal image of the irradiated International Rectifier JANS1N6843CCU3 SN7 identifies location of failure. optical image, the failure was not visible (Fig. 13) . It should be noted, though, that there are four white dots in a rectangular shape that are visible in Fig. 13 . These are from a probe to verify functionality by the manufacturer, and are not radiation related. However, when the magnification was increased to 350× a dark spot was observed [ Fig. 14(a) ]. By further increasing the magnification to 3500×, more details of the failure location can be seen. This is shown in Fig. 14(b) . 16 . Element map of the failure location in the International Rectifier JANS1N6843CCU3 SN7 generated from energy dispersive X-ray spectroscopy. The ball in the middle is silicon (blue) that can be seen through a hole where the metal on the surface of the diode has melted. The element map shows us that the metal is primarily aluminum (green) with nitrogen (also) shown.
The location is also visible when examined with the SEM [ Fig. 15(a) ]. When the SEM magnification is increased to 9430× [ Fig. 15(b) ], it was clear that the Schottky barrier metal melted and there was some sort of particle on the surface of the die, which measured approximately 2 µm in diameter. By using EDS, it was determined that the particle Fig. 17 . 4200×-magnification optical image of the failure location in the International Rectifier JANS1N6843CCU3 SN7 after it was cross sectioned and stained. Fig. 18 . 27450×-magnification SEM image of the damage structure after the failure location in the International Rectifier SN7 was cross sectioned.
was silicon from the epilayer or bulk that had become displaced to the surface of the diode. The element map from the EDS of International Rectifier SN7 is shown in Fig. 16 .
Again, similar to the Microsemi SN5, after the failure was located on the surface of the die, the DUT was cross sectioned at this location and stained. Fig. 17 shows a 4200×-magnification optical image of the large void that was created by the high current when the device failed. Fig. 18 shows the same cross-sectioned failure location in SEM. While Fig. 16 shows the EDS at the surface, Fig. 19 shows the EDS in cross section. We can not only see the displaced silicon on the surface, but also see that the Schottky barrier metal has migrated down into the void left by the melted silicon.
B. Degradation and Failure
In comparison, the Microsemi DUT labeled 2 (SN2) was irradiated with 1858-MeV tantalum (LET = 79 MeV · cm 2 /mg). Like the previous diodes, it was also irradiated in bias steps of 5 V, starting at 50 V. Only charge collection was observed at 50 and 55 V, but at 60 V, Fig. 19 . Element map generated from EDS that shows the Schottky barrier metal, aluminum, has migrated into the bulk silicon. Reverse currents from the power supply for the Microsemi JANTXV1N6843CCU3 SN2 during each run. The reverse voltage at which the DUT was biased is shown in the legend. the reverse current increased by approximately 60 nA. At 65 V, however, the part experienced degradation on the order of several hundred nanoamperes in reverse current. This is shown in Fig. 20 . It should be noted that no catastrophic failure was observed with tantalum, which has a higher LET than praseodymium, because after the 65-V step, the reverse voltage was out of specification, i.e., it was less than 100 V (99 V specifically) at 10 µA of reverse current, and thus, this was considered a failing run. As a result, no additional beam runs were conducted on this DUT. Fig. 21(a) shows the reverse I -V curves for each run. No change was observed after any of the runs in the forward I -V curve, which is different than the DUTs that experienced catastrophic failure. These curves can be shown in Fig. 21(b) .
As with the other two DUTs, thermal infrared images were taken of SN2 with bias applied; however, no areas of increased temperature were observed. The biased thermal infrared image of SN2 is shown in Fig. 22 . Likewise, the 50×-magnification optical microscope image did not show any obvious failure locations (Fig. 23) .
Because no failure locations were identified using the same techniques that identified the location in the parts that failed catastrophically, a different technique had to be used. In order to find the location, a series of chemical etches was used to remove the contact pad, solder connection, and Schottky barrier metal. Fig. 24 shows the surface of the bare silicon after SN2 was etched. After the metal was removed three discolored, circular locations were observed. When these Fig. 26 . SEM image (a) of two of the discolorations observed on the surface of the Microsemi JANTXV1N6843CCU3 SN2 and (b) of a displaced silicon particle located at center of one of the discolorations. locations were viewed after increasing the magnification to 1400×, particles fused at the center of these discolorations (an example is shown in Fig. 25 ) were observed. When examined with the SEM at 1060×-magnification, no additional structure is observable, while when the magnification is increased to 254 870×, the particle has considerably more definition. These images are shown in Fig. 26(a) and (b) , respectively. The silicon particles measure approximately 1 µm at the widest.
These displaced silicon particles are reminiscent of the aluminum spheres observed in Figs. 1, 2 , and 4 presented in [27] depicting what they termed latent damage, "structural damage that did not cause device failure or malfunction." The major difference in these cases, though, is that they observed displaced metal and we found the displaced particles to be silicon. They did observe voided regions near the displaced aluminum spheres, which may just indicate that they had larger current draws from their latchup events than the increases in reverse current we observed during the beam runs. Despite the differences, the same reliability concerns exist. It is unclear how the long-term functionality of Schottky diodes that experience this sort of degradation will be impacted.
After these three discolored areas and fused silicon particles were identified, the DUT was cross sectioned and stained at one of the locations. Fig. 27 shows the cross section, but no cracking or voids exist. As the diode clearly is not shorted from anode to cathode, it seems obvious that no structure would exist that connects the Schottky barrier metal to the bulk silicon like in the other DUTs that failed catastrophically. This, combined with the displaced silicon particles at the metalepilayer interface, suggests that these events also occur at the Schottky interface, but the single-event-generated current and self-heating are insufficient to completely destroy the device.
IV. ANALYSIS AND RADIATION-HARDNESS ASSURANCE IMPLICATIONS
When a Schottky diode experiences enough degradation to cause the postirradiation electrical parameter measurements to be out of specification, failure analysis appears to show that the damage occurs solely at the Schottky metal/silicon interface. This is in contrast to when a Schottky diode fails catastrophically. In that case, the event appears to also begin at the metal/silicon junction; however, the event generates such extreme heat that the materials melt. A filament is then created that displaces the Schottky barrier metal into the bulk silicon and can also displace silicon to the surface of the diode. This filament shorts the anode (bulk silicon) to the cathode (Schottky barrier metal), and the current is only limited by the compliance settings on the power supply. In addition, we have observed in both catastrophic failure and degradation that displaced silicon particles can appear. Again, most likely due to the larger amount of current in the catastrophic failure, the particle size from the catastrophic failure was considerably larger than the particle generated by degradation.
To avoid these radiation responses in which the diode is operating outside of the manufacturer's specifications, a reverse voltage derating of 50% was recommended in [5] when SEEs testing will not be conducted, rather than simply applying the 70% electrical derating required by EEE-INST-002. No catastrophic failure or degradation has ever been observed when the wide variety of diodes tested was biased at 50% or less of the rated reverse voltage. Because, at this time, it is unknown how the degradation conditions will affect the long-term reliability of these parts, it is imperative that the conditions under which failures (and latent damage) may occur be limited. The latent damage that manifests as increased leakage current may increase the likelihood of a failure.
